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I. INTRODUCTION 



In the Standard Model (SM) with massless neutrinos, lepton flavor is conserved. However, 
the current neutrino oscillation data experiments indicate with very convincing evidence 
that neutrinos are massive and lepton flavor are mixed [l]. This is a powerful incentive for 
considering new particles and interactions those of the Standard Model (SM) of quarks and 
leptons. If the neutrino oscillation phenomenon takes place actually, lepton flavor symmetry 
would be broken. In that case, however, lepton flavor violating (LFV) processes are still 
highly suppressed because of the smallness of neutrinos masses. Hence, any experimental 
signal of charged LFV would be a clear indication of physics beyond the SM. This fact has 
led to a great amount of theoretical effect for revealing the underlying new physics in the 
leptonic flavor sector. 

LFV appears in various extensions of the SM. In particular LFV decays r — )■ 3£ (where 
i = e OT fi) are discussed in various models 2|-|5|]. Some of these models with certain 
combinations of parameters predict that the branching fractions for r — )■ 3£ can be as high 
as 10"'', which is already accessible in high-statistics B factory experiments. Searches for 
LFV in charged lepton sector such as r — )• fiP{V) decays with a pseudoscalar or vector 
meson are also discussed in models with Higgs mediated LFV processes j6,Q], heavy singlet 
Dirac neutrinos 8|], dimension-six effective fermionic operators that induce r — /i mixing |9|, 
R-parity violation in SUSY 10|], type HI two-Higgs doublet models 10| and flavor changing 
Z' bosons At the LHC, the r leptons are produced predominantly from decays of B and 
D mesons and W and Z bosons. In the low-luminosity phase, corresponding to an integrated 
luminosity of 10 fb~^ per year, one expects approximately 10^^ and 10^ r leptons produced 
per year from heavy meson and weak boson decays, respectively ll|. If we restrict the r 
from weak bosons decays only, and assuming that a branching ratio close to the current 
upper limit, we can expect approximately 10 events within the acceptance range of a typical 
LHC general purpose detector after one year of low-luminosity running. With 30 fb~^ of 
data, it should be possible to probe branching ratios down to a level of Br(r — )■ 3i,£P,i'V) 
^ 10-^ at the LHC. 

12[fl,Q. An 



In order to give mass to the neutrinos, several ways have been studied in 
alternative, equally valid and rather economical possibility is to extend the lepton sector 
of the SM by a heavy triplet fermions and allow them to interact with the ordinary lepton 
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doublets via Yukawa couplings. In this scenario, the Higgs sector is unmodified, and a set of 
self-conjugate SU{2)l triplets of exotic leptons with zero hypercharge are added that model 
so-called type III seesaw mechanism. 

The model has many interesting features, including the possibility of having low seesaw 
scale of order a TeV to realize leptogenesis 16| and detectable effects at LHC 18|, ll9| due 
to the fact that the heavy triplet leptons have gauge interactions being non-trivial under 
the SU{2)l gauge group. In particular, if kinematically accessible, the charged component 
of the triplet will be produced in high energy collision, and its decay into Higgs and light 



lepton 



provides a rather spectacular signature. 



Fermionic triplet effects have been studied in the lepton sector 20| such as r — 3|, £ — )■ 
£'7, Z — > /i — e conversion and the anomalous magnetic moment of leptons — 2) 2ll. |22|. 
Several other processes have not been studied in the context of type III seesaw model such 
as r £P and r iV . 

In this paper we try to demonstrate that we can have a contribution to lepton flavour 
violating decays even with one triplet and singlet fermions. The paper is organized as follows: 
In the next section, we will recall the basic features of type-Ill seesaw model and discuss the 
motivations which adds a triplet. In Sec. IIIII we will discuss the constraint on the Yukawa 
couplings coming from neutrino experiments. Section IIVI then discusses the analytical LFV 
r decay rates with estimates the corresponding LFV observables and conclusions are drawn 
in section |Vl 



II. Z-MEDIATED LFV IN THE TYPE-III SEESAW MODEL 



To study the lepton flavor violating effects in the so-called type-Ill seesaw models 
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15| . we consider the SU{2)l fermionic triplet with the quantum number of (1,3,0) under 
SU{3)c X SU(2)l X U{1)y gauge symmetry 1^. For explaining the current data in neutrino 
physics, model with only one triplet fermion is not sufficient; therefore, more fermionic 
triplets and/or singlets should be considered. Since our purpose is to illustrate the r LFV in 
the framework of type-Ill seesaw models, for simplicity we focus on the minimal extension 
of the SM (MSM), i.e. the case with one triplet and one singlet fermions 22|. The detailed 
analysis in the model with three triplets could be referred to Ref. {29 1. Let us describe the 
model in more detail to identify new tree-level FCNC in the lepton sector, the component 



3 



fields of tlie triplet fermion is chosen to be 

,/2 T- \ 

(1) 



T+ T7v^ 



In order to keep invariance under SU(2)l gauge transformation, we have required the trans- 
formation of T to be T — )■ U*TW . For studying flavor changing effects, we need to un- 



derstand the gauge couplings of SM leptons and triplet fermion. 
respect to the gauge symmetry SU{2)l x f/(l)y can be written as 



'he Yukawa sector with 



22| 



+ ^mrTr(TT) + ]^msS^CS + h.c. (2) 

where = (0"'", 0°) is the SM Higgs doublet, Ca denotes right-handed lepton and a{b) is 
the corresponding lepton flavor, = (z/, £) l is the weak gauge doublet of lepton, Y^^ and 
g are Yukawa couplings, C is the charge conjugation operator, and 'mT{s) is the mass of 
the new stuff in triplet (singlet) fermion. 
Similarly, the relevant gauge kinetic terms are written as 

£kin = li P2L + Iri PiIr - Tr [T'^z AT'z.] , (3) 

where ^2/. = + ig/'^.T- Wf_, - ig'/2B^, Di^, = df_, - ig'B^ and D^^ = <9^ + igr ■ W^, are the 
covariant derivatives, T' = iT2T and the associated gauge transformation is T' — UT'U'^ . 
Since singlet fermion doesn't couple to gauge boson, we don't show it in Eq. (jS]). Although 
charged currents will induce flavor changing effects through box and penguin diagrams, 
however, due to loop suppression, the Z-mediated LFV induced at tree level will be dominant. 
Consequently, we focus on the Z-boson related interactions. By Eq. ([3]), the interactions in 
weak eigenstates of lepton are found by 

= o \ ^^'^ (cos 2ewXLPL - 2 sin^ ewXnPR) iZ^ (4) 

Z cos [714/ 

with El = {eL,fJ'L,rL,T^), = {cr^hr^tr^TI) and 

/ IsxS O3XI 1 \^ I -""3x3 '-'3x1 I , , 

= \ , Ar = . (5j 

\ 0ix3 — 2 cos^ 6'vi// cos26'ty / \ Oixs cos^^iy/sin 9w I 

Here, we have taken T'^ as the charge-conjugation state of T+. Since the couplings of the 
new charged leptons to Z-boson differ from those of ordinary leptons, we will see that LFV 



at tree level will be induced by the misalignment between weak and physical states. To 
understand the effects of LFV, we first introduce two unitary matrices Vl^r that transform 
the weak states to physical states by •^L(i?,) VLiR)^L{R)- Then the matrices in Eq. 
become 



(6) 



with r] = L,R and / being the unit matrix. Immediately, we can see that the lepton flavor 
changing effects are associated with 

XL = — 2cos^^vi//cos26'vi/ — 1 , 
Xr = cos^ 9w/ sin^ 9w — ^- 



(7) 



To get the information on ^7,4 and Vr^^i, we need to study the detailed mass matrix for 
charged leptons. 

After SSB, the mass matrix for charged lepton could be written as 



with 



-C^Y = ^RMdi + h.c. 



I iYE)z^zv/V2 I 03x1 \ 



(8) 



Mf 



(9) 



y (yV)lx3f/V2 I niT y 

Moreover, by choosing a suitable basis, indeed Eq. ([9]) can be further simplified. For instance. 



using the transformation Ul{r)^l{r) with 



L{R) 



u 



L{R)3x3 



Osxl 



V 



0lx3 I 1 J 

the matrix Y^; in Eq. can be diagonalized and Eq. ([9]) becomes 



M, 



^ (m£;)3x3 I Osxl ^ 



(h^)ix3 I niT 
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(10) 



where diagfniE) = {me,m^,m^) and = UlYtv/V^- Since 

still has off-diagonal elements, clearly me^^^r are not physical eigenstates. In addition, from 
Eq. ( ITOj) one can expect that the lepton flavor violating effects will be associated with hy. 
To get the physical states, we use Vr,l introduced early to diagonalize the mass matrix of 
lepton, i.e. Mf^^ = VuMfVl. The individual information on Vl and Vr can be obtained by 



^diat^dia 



VlMIm.vI , 

VrM.mIvI 



(11) 



with 



^ m^m^; + hyhj. | h.TmT ^ 



\ 



v 



m7 



h^h 



Clearly, and Vr are the unitary matrices to diagonalize the matrix MjMi and M^Mj, re- 
spectively. Expectably, the off-diagonal elements of flavor mixing matrices will be associated 
with {mEiiiiTi) and rriThTi which reflect the mixture of ordinary quarks and triplet fermion. 
Although in general the 4x4 matrices will be complicated and unknown, however, since the 
introduced triplet fermions are much heavier than SM leptons, i.e. ^ mEii,hTi ~ v, 



for a good approximation we can expand Vl(r) to be Vj 



Ux4 + ^L{R) where A^r-^ is 



regarded as 0{hTi/mj')[0{mEiihj'i/m'^)]. Comparing with Eq. ([7]), we see K,j4(4i) 
From Eq. (ITT]) , we can derive the leading order for flavor mixing as 

rriThTi 



A 



A.Ri4 



T 



m 



Ei 



-A 



niEih 



Ti 



RAi 



riiA{Ai) • 

(12) 
(13) 



Since ^ rriThTi ^ iriEihTi, it is clear that the effects of ARi^^i) are negligible. Hence, 
the significant LEV in type-Ill seesaw model is only associated with left-handed neutral 
currents. 



III. CONSTRAINTS ON THE PHYSICAL PARAMETERS 

In this section, we discuss the constraints coming from the neutrino experiments on the 
relevant Yukawa couplings y^. After spontaneous symmetry breaking (SSB), where the 
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Higgs field is driven to obtain the VEV i.e. {(f)^) = v/\/2, the hght neutrino mass matrix is 
given by 



(14) 



2 \^ niT ms 

The unitary PMNS matrix that diagonahzes the neutrino mass matrix Eq. (fT4|) is given by 



U 



( 



\ 



C12C13 



S12C13 



'■S12C23 — Ci2S23Si3e''^ C12C23 — Si2S23Si3e''^ S23C13 



S12S23 - Ci2C23Sl3e 



-C12S23 - Si2C23Sl3e"^ C23C13 



X diag(l,e**,l). (15) 



where, Sjj = sin^jj, = cos% (i,j = 1,2,3), b is the CP-violating Dirac phase and $ 
denotes the Majorana phase. The experimental constraints on the neutrino masses and 
mixing parameters, at lo level 2J, |25| are 



7.3 X IQ-^eV^ < Am| < 8.1 x IQ-^eV^ 
2.1 X lO^^eV^ < lAm^J < 2.7 x 10^^^ 



0.28 < sin^^ia < 0.37 



0.38 < sin^ ^23 < 0.68, 



sin^^i. < 0.033 



(16) 
(17) 
(18) 



In this section, we focus mainly on the case of Normal Hierarchy (NH, m\ = 0), and Inverted 



Hierarchy (IH, mg = 0) neglecting the Majorana 



constraints, the neutrino masses are given by 



24 



ahase. Using the above experimental 



25| 



Am|, 



rrin 



Am'i + Arni 



(19) 



in the case of NH, and 



mi 



Am^A — Ami 



5' 



rrir, 



Am\ 



(20) 



in the case of IH. The constraints on the neutrino mass matrix elements direclty translate 
into the physical Yukawa couplings y'^. Using Casas-Ibarra parametrization 26|, one can 
find a formal solution for the Yukawa couplings yf. and can be expressed as 



. ^/2mT 



V 



V 



1712 COS z U*2 + y mg sin z U*-^ 
7712 sin z U*2 + \frr^z "^^s z U*^ 



(21) 
(22) 



for NH, and 



Vt = 



V 



m\ cos z U*-^ 



m% sin z U*. 



Vs 



'm'( sin zU*-^ 



a2 



cos 2; U*2 



(23) 
(24) 



for IH, where a = 1, 2, 3 and z is a complex parameter. In order to study the effect of the 
z parameter, we show in Fig.l the relative size of the Yukawa couplings function of 

Im(2;) for IH (left panel) and NH (right panel) with fixed rriT = 1 TeV, when ignoring the 
influence of the Majorana phase $. As we can see from both panels, for large lm{z), the 
Yukawa couplings remain large and even 0{1), which can be understood from Eqs. fl21l)- (!24|l 
where are proportional to e^™'^^\ This allows to account for the experimental values of 
neutrino masses without fine-tuning the Yukawa couplings due to a cancellations in combi- 
naition of them, the observable effects are then possible. 



10^ 



10" 



10" 



10" 



10"' 



10"- 




6 8 10 12 14 
Im(z) 



10^ 



10" 



10" 



10"' 



10"' 



10"- 




6 8 10 12 14 
Im(z) 



FIG. 1: The absolute value of Yukawa couplings function of Im(z) for IH (left) and NH 

(right), with ttit = 1 TeV and $ = 0, in which the solid, dashed and dotted lines represent a=l,2, 
and 3, respectively. 
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IV. DECAY RATES FOR r ^ IM AND t^U 

Based on previous analysis, now we can study the LFV of the type-III seesaw model on 
semileptonic r — )■ IM with M = [P, V) and leptonic r — 3£ decays. According to the 
interactions in Eq. (jl]) and Z couplings in the SM, the relevant effective Hamiltonian for r 
flavor changing decays can be written as 

n = ^cos 29wZu3 [gllrPLfll.PLT + gi,frPRfll,PLr) (25) 



with 



g{, = -QfSin^Ow, (26) 

where we have used the equalities cos^iy = mw/mz and g'^/Sml^ = Gp/V^, f could be 
leptons and quarks, and I^f and Qf denote the third component of weak isospin and electric 
charge of the particle /, respectively. Since semileptonic r decays are associated with meson 
production where the decay constants of nonperturbative hadronic effects involve, for dealing 
with the hadronic effects, as usual the decay constants of pseudo-scalar (P) and vector (V) 
mesons are defined as 

{0\qYl,q\Pip)) = tfpp", 
{0\qrq\V{p)) = imvfve'^y (27) 

with By being the polarization vector of vector meson. Moreover, for the modes associated 
with 7] and rj' mesons, we employ the quark-flavor scheme in which rj and rj' physical states 



are described by 



27 



28| 







U j 





cos (p — sm 
sin d) cos 




(28) 



with being the mixing angle, 77^ = {uu + dS) / and 77^ = ss. Accordingly, the decay 
constant of rf'^ associated with q'^^'X'q {q = u, d) current is given by /^(o = cos 0(sin 0)/^^. 
Consequently, for r — )■ liP process, the decay amplitude can be summarized by 

{Pii\'H\T) = V2GFfpmrCos2ewYpZu3lPRT , (29) 
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while for t iiV decay, it is 



{Vi,\n\T) = V2Gpfvmvcos2ewYvZL,3i, 4vPlt, (30) 
where = sin (cos 0)/^^, 

COs2^iy 2.2. ^ 12.2/, /Qi^ 

Due to rue^fj, ^ m,-, we have neglected the masses of light leptons. Hence, the BRs for 
semileptonic r LFV are found to be 

B{t ^ i.P) = ^fpmlcos'2ewY^\Z,,s\' (l - , (32) 

Bir^i^V) = I^/>^os^2^,.y^|Z,d^(l-^)'(l + 2^) . (33) 

For leptonic r — )■ 3^ decays, although there involve no hadronic effects, however, they are 
three body decays and have more complicated phase space. To simplify the formulation, we 
neglect the effects of light lepton masses. Hence, using the interactions in Eq. (j4]), the BR 
for r — 7- 3^* is given by 

B{r ^ idi) = cos^26w\Zu3\' {(\gi\' + Ig^') B{r ^ iurU,) (34) 

where ( = 2 ioT ii = i and ( = 1 for ii ^ i. 

After introducing the contributions of Z-mediated LFV in the type-III seesaw model, 
in order to constrain the free parameters of Zns, we have to find out the possible strict 
limits. As known that the Z-mediated effects at tree level in the SM are flavor conserved, 
intuitively the flavor violating decays Z — ?■ iiij with i ^ j, t ^ £{P, V) and r — )■ 3^ etc could 
give strong constraints on the unknown parameters. Therefore, by examining the relation 
of the BR and the associated parameter, one can easily find {Znjl = |Aij4A2j4| oc V BR. 
By taking B{Z iiij) ~ lO'^ and B{t [i{P,V), 3£]) ~ 10"^ we see lAui^lj^l oc 
10~^ and |A2,j4A2j4| oc 10~^, respectively. However, if we further think, the current high 
precision measurements of Z — iili processes in fact will provide more severe limits. Roughly 
speaking, the key reason can be understood by which the allowed range for new physics is 
directly governed by small errors of data for Z — £i£i, i.e. |Aij4p oc AT/Tz = [T^^^{Z — )• 
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iiii) - T^^{Z iA)]/Tz ~ 10"^ |23|. Although the constraint in the real situation will 
depend on the detailed characters of the process, however, we will adopt current data of 
Z —J- iili with la errors as the inputs and the BRs for r — ?■ i{P, V) and r — )• 3£ decays are 
our predictions. 

In terms of the Z couplings in Eq. (jl]), the BR for Z iiii decay with new effects can 
be formulated as 



BiZ 



B'^'iZ ^id^)+^z\Au,\ 



(35) 



with 



B'^'iZ^ 



6 



m%GF 



cos 2^ 



w 



cos^ 29wXl ■ 



(36) 



Due to m£ ^ rriz, here we have dropped the mass of lepton. In addition, we also neglected 
the terms that power in free parameter is higher than |Aij4p. As a result, the allowed range 
for unknown parameter can be bounded by 



By using Gp = 1.16634 x 10"^ GeV-^, sin^ Ow = 0.223 and AB 



(37) 



(4, 7, 8) X 10"^ where 



the values are taken from la errors of data for Z — )■ i^ii [23|, the upper limit on |A£j4| 
is given in Table HI Thus, based on Eqs. ( 15^ and ( 15^ . the upper limits on the BRs for 



TABLE I: Upper limit on An/^ with la errors of B{Z 



Mode 


e e+ 


M 1^^ 


T r+ 




0.016 


0.021 


0.023 



T — 7- i{n^, r], r]') and r — > i{p^, uj, (p) are shown in Tables HTl and IIIH respectively. Here, we 
have used the hadronic values as 

A = 0.13, /, = 0.11, /; = 0.135, (38) 
fp = 0.216, U = 0.187, = 0.237 

in unites of GeV. From the values in the tables, we see clearly that the upper limits on the 
BRs for r £(7r°, p°, 0) could be C(10"®) and the order in size is B{t -)■ in^) > B{t 
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£p°) > B{t —7- £0°). Therefore, the semileptonic 
candidates to probe the Z-mediated r LFV. 


r ^ £(7rO, pO) 


decays could be the good 


TABLE II: Upper limits on the BRs (in units of 10^ 
of B{Z — )• £i£i) as the constraints. 


8) for T ^ £(7r0. 


7], 7]') decays with la errors 


Mode r (e, /x)7r° 


r ^ (e, /i)r/ 


r (e, fi)ri' 


Current Hmit (8.0, 11) 
This work (2.8, 5.0) 


(9.2, 6.5) 
(0.6, 1.0) 


(16, 13) 
(0.4, 0.7) 


TABLE III: Upper hmits on the BRs (in units of 10^ 
of B{Z — )• £i£i) as the constraints. 


~S) for T ^ ^(pO, 


,uj,(l)) decays with la errors 


Mode r (e, ^)p° 


r — (e, fi)oj 


r (e, fi)(t) 


Current hmit (6.3, 6.8) 
This work (1.7, 3.0) 


(11, 8.9) 
(0.09, 0.2) 


(7.3, 13) 
(1.1, 1.7) 



With the same constraints shown in the Table [U the values of BRs for leptonic r decays 
formulated by Eq. are presented in Table llVi It is clear that the BRs for all r — )■ 3£ 
decays are of order 10~^ and the predictions are close to each other. Furthermore, from 
the Table IIVI one can find that the value of B{t — 3p) is a little bit larger than current 
experimental upper limit. It seems that r — )■ 3/i provides the most strictest constraint on 
the free parameters. However, by reexamining the constraints of Z — )■ iiii, we find that the 
reverse situation is arisen from the errors of Z — )■ {r' r"^ , fi~ fi~^) being larger than that of 
Z — 7- e~e~^, i.e. ABr ~ AB^i > ABe- If we adopt 3a of the world average B{Z — )■ iiii) = 
(3.3658 ± 0.0023)% for i = e, fi and r, the new upper limits on the BRs for semileptonic 
and leptonic decays are found to be 

B[t £(7r°, 7], 7]')] < (4.2, 0.8, 0.6) x 10'^ 
B[t ^ £(p°, CO, (p)] < (2.5, 0.1, 1.6) X 10~*^ , 

B[t (3£,pe-e+, ep-p+)] < (3.1, 2.0, 2.0) x 10"®. (39) 
Clearly, precision measurements of Z — )■ iiii play an essential role on the constraints. 
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TABLE IV: Upper limits on the BRs (in units of 10 ®) for r — )■ 3£ decays with la errors of 
B{Z — )• iiii) as the constraints. 



Mode 


r ^ 3e 


r — 3/i 


T ^ fie 6+ 


T ^ efi )U+ 


Current limit 


3.6 


3.2 


2.7 


3.7 


This work 


2.1 


3.7 


2.3 


1.3 



V. CONCLUSIONS 



We have investigated the lepton flavor violating effects in the framework of type-Ill seesaw 
model by extending the SM with one SU{2)l triplet and singlet fermions. Due to the 
difference in weak charges between new and ordinary leptons, intriguingly Z-mediated LFV 
is generated at tree level. Moreover, it is found that the significant effects only occur in the 
left-handed leptons. Although LFV could be induced by charged currents through one-loop, 
however, comparing with tree contributions, they are subleading effects and neglected in our 
analysis. To illustrate the novel effects, we study the semileptonic r — iM and leptonic 
r — )■ 3£ decays. For numerical calculations, we find that the precision measurements of 
Z — )■ iiii play an important role on the constraints of the free parameters. Furthermore, we 
find that the upper limits on the BRs for r — )■ i{7i^, p°, 0) and r — )■ 3£ could reach C(10~^) 
in the model under discussion. 
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